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Introduc t ion
C h e m o t a x i s  is the process by which b a c t e r i a  m i g r a t e  
toward higher concentrat ions of attr a c t a n t  or lower 
c o n c e n t r a t i o n s  of repellent. In an isotropic medium, B . 
subti 1 is e x h i b i t s  a “random walk*' c h a r a c t e r i z e d  by smooth 
swimming p u n c t u a t e d  by tumbles. Taxis occu r s  by s u p p r e s s i o n  
of tumbles when the cell is swimming in a f a v o r a b l e  d i rection 
(either an increasing gradient of attractant or a d e c r easing 
gradient of repellent) (1). N o n - r a n d o m  behavior can be 
induced by adding large amounts of attractant or repellent 
(8,3).
it has been shown that the addition af attractant 
enhances post-translational modification of certain 
membrane-bound proteins known as met h y 1-accepting chemotactic 
proteins (MCPs) <<+~7). Methyl groups, present as glutamate 
methyl esters on the MCPs, are lost due to attractant 
addition (7,6). It is also known that in B . subti1is an 
intermediate exists as a source for methanol evolution when 
attractant is added (9). Investigation in this lab has shown 
that methanol is formed upon both addition and removal of 
both attractant and repellent. Ue want to ascertain whether 
there is one common mechanism for methanol formation for all 
stimuli or if separate pathways exist for particular stimuli.
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a#lgrjail and Methods
S J r j l n $r 01 108S is a e h e m o t a c t i c a 11y w: Id strain of B.
M.ybt i i is, which is t r p F 7 » h i s H S i metC (10). 01 1100 was
d e rived from 01 1085 by mut a g e n e s i s  with ethyl met h a n e  
s u l f o n a t e  (11). 01 19d? is 01 1085 cha F h \ s - m e t *r ^
(pSI- 1i>phe F ).
Chemicals! L-Cmethy 1- ^ 3 Methionine (15 Ci/mmol or 75-80
Ci/mmol) was obtained from Amersham Corp. All other
chemicals were reagent grade.
Solutions and Madia* Tryptone broth (Tbr)
0.5*/* NaCl. Luria broth (Lbr) is l*/» tryptom>* 
0.5% yeast extract. Chemotaxis buffer (CB> 
(IB). Flow assay buffer is CB with addition 
chloramphenicol/ml.
is 1 %  tryptone* 
0.5*/. NaCl » and 
is as described 
of 0.1 mg of
Continuous Flow for Moth.nol Evolution; A .y.t.m b„».#d 
on that described by Kehry *1, li.. (13) was used to monitor 
methanol evolution as a function of time. This system 
provides the ability to alter the ceils environment by 
varying the contents of buffer being circulated through. The
following changes were trade on the procedure. Cells were 
grown in Tbr overnight at 37° and then diluted 1*50 into 
Lbr » g r own to 180 Klett units* pelleted by centrifugation* 
and washed twice in CB by resus p e n d i ng  followed by pelleting. 
Three m i l l i l i t e r s  of cells at A6 oo of 1.0 were methylated 
with 30 ul/ml t 3m e t h i o n i ne for 10 minutes with gentle 
shaking at 37°. The s u s pension is then transferred to a
0.^5-um M i l l i p o r e  filter unit by means of a syringe. This 
filter unit has tubing leading to and from it and a
peristaltic pump co n t r o l s  the rate of flow of buffer past the 
cells (10 ml/min), which is c o l l e c t e d  in a Gilson fraction 
collector at 18 sec/tube. In all assays, the cells were
washed with buffer for 10 m i n u t e s  before fraction* were
collected. The filter itself is attached to a vigorously 
shaking vortex to ensure that all the bacteria are exposed to 
the effectors. The intake tube can be switched to different 
buffer s o l u t i o n s  so that the effect of r e m o v a l > as well as 
addition of effectors, can be observed. In o» der to
quan t i t a t e  th© amount of volatile product released into the 
passing buffer, ^00 ul of each fraction were placed in 5uO ul 
E p pendorf tubes, which were placed atop pedestals in 
s c i n t i l l a t i o n  vials that c o ntain ^.5 ml of a queous 
s c i n t i l l a t i o n  fluid. The vial was then sealed and allowed to 
e q u i l i b r a t e  a minimum of hours before q u a n t i t a t i on  in a
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s c i n t i l l a t i o n  counter. Me were able to correlate the
6methanol r e l e a s e  with effector addition or removal by taking 
c o n d u c t i v i t y  r e a dings of the fractions (0.01 M KC1 was added 
to b u f f e r s  c o n t a i n i n g  non ionic effectors; K C 1 has no effect 
on c h e m o t a x i s  or methanol evolution) data not shown). The 
increased rate of buffer flow and the added feature of 
vortexing had no apparent effect on the cells' mobility as 
inspected by microscope.
R e s u 1ts
A. Experimental Des i g n
B.____sub 1 1 1 i s transiently rotates its llayella
r o u n t e r c l c c k w i s e  when subjected to a posit i v e  stimulus and 
clock w i s e  in respo n s e  to a negative stimulus ( 1^-16). 
Methanol e v o l u t i o n  a c c o m p a n i e s  both of these responses (17). 
Id gain insight into the r e l a t ionship between methanol 
evol u t i o n  and behavior, we ask whether the methyl groups 
found in the methanol o r i g i n a t e  via one or more pathways 
corresporid i ng with m u l t i p l e  intermediates. To answer this, 
we s u bjected the ceils to different effe c t o r s  or combi n a t i o ns  
of e ffectors in an attempt to alter behavior and the 
subsequent methanol e v o l u t i o n  responses. If a specific 
methanol forming signal can be blocked without negating 
others, then s e p arate pathways for methanol e v o l u t i o n  must 
exist.
B. E v i d e n c e  for a Comm o n  Origin of All Methanol.
HI 1100 is a 
known to transfer 
S - a d e n o s y l m e t h  i oni ne
methyl t r a n s f e r a s e  II mutant. Ml II is 
the a c t i v a t e d  methyl group from 
(AdoMet) to the MCPs (18). It has been
7
8shown that a t 11 actant stimulation produces no methanol in 01 
1100 (19). H o w e v e r * the origin of methyl groups from 
repellent induced metnannl evolution has remained unknown. 
With the case of a sensitive? flow assay * it was oossible to 
stimulate the same 01 l100 cells first with an at tractant and 
then with a repellent so as to test whether repellent 
s t i m u lation would p r oduce methanol without the transfer of 
methyl qi nups from AdoMet to the M C P s . The results in f igure 
1 show than the activity of NT II is required for both 
attrac.tant and repellent induced methanol formation. 
Iherefore* all methyl groups found in the methanol due to 
either altractant or repellent stimulation o r iginate front the 
MCPs .
C. Evidence in Support of a M e t h y l A c c e p t i n g  Intermediate
It has been shown that specific c o n c e n t r a t io n s  of 
att r a c t a n t s  and repellents* designated "crossover 
c oncentrations"* eff e c t i v e l y  block methanol evolution (9), 
Crossover c o n c e n t r a t i o n s  of aspartate (£3 mM) and 
ch 1 orpt omaz ine (83 uM) at 70V* receptor occupancy <9> were 
used in the c o n t i n u o u s  flow assay anu results are seen in 
figure P. These c o n c e n t r a t io n s  were used c onsistently in all
a s s a y s . The initial a s partate s t i m u lation in figure 8 is a
9control. The subsequent addition of aspartate and 
chi o r p r o m a ? ine at those crossover concent r a t io n s  shows little 
methanol evolution. As the uli lorpromazine is removed at PB 
minutes into the a s s a y » it is evident that a delayed 
a part a to response occured. I he sudden increase and rapid 
taperinq of the p r ofile appear as an attractant addition as 
compared to the c h 1 o r p r o mazine removal response which appears 
blunt and dissipates slowly (Figs. 3 and *♦). Since addition 
of crossover c o n c e n t r a t io n s  of attractant and repellent have 
been shown to d e m e t h y l a t e  the MCPs (9) and little radioactive? 
methanol is formed upon addition of these effectors* the 
methanol evolved when c h 1 o r p r o m a z i n e  is removed must have an 
intermediate as its source. This c o n c l u s i o n  is ensured by 
the fact that any new methyl at ion o* the MCPs throughout the 
duration of the assay will be n o n r a d i o a c ti v e  due to the 
presence of excess methionine < 10'WM ) in the flow medium.
D. Ev i d e n c e  for Separate Methanol Forming Pathways
The B . sub 1 1 1 i s wild type methanol e v o l u t i o n  profiles 
for a d d i t i o n  and removal of attractant and repellent are 
shown in figure 3. Note the muted response corresponding 
with the second removal of a s partate whereas the responses to 
aspartate addition both b e f o r e  and after s t imulation by
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<:h 1 orpromaz i ne are consistent. I he ef f ec t on aspartate 
removal induced methanol formation due to ch 1 or pr ornaz l nr* 
pi iv treatment was seen repeatedly in thi wild type and other 
mutant strains (data not shown). Conversely! figure shows 
that aspartate pres t i mu 1 a t i on does riot affect either response 
due to c h 1 o r p r o m a z i n e  addit i o n  or removal. These results 
indicate that the positive and neqative responses associated 
with aspartate s t imulation are mediated through different 
p a t h w a y s .
Further ev i d e n c e  for this c o n c l u s i o n  is seen in figure 
5. 1e t r a p h e n y 1arsonium (TPA) is known to pro m o t e  continuous
swimming in B . sub t i 1 i s (20). For this r e a s o n » 10~°li 1PA
was utilized w i t h i n  the c o n t i n u o u s  flow assay to induce 
prolonged swimming and the related methanol evolution. This 
extended methanol formation in c o m b i n a t i o n  with the omission 
of n o n r a d i o a c t i v e  m e t h i o n i n e  from the flow medium facilitated 
the study of m e t h ionine s t a r vation and the effect wau 
significant. After' reinstating the cold chase at 37 minutes 
into the assay* the subsequent a spartate re s p o n s e  p r ofile 
returned to normal. The d i s t i n c t i o n  be t w e e n  the positive arid 
negative r e s p o n s e s  due to a s partate ad d i t i o n  and removal! 
respectively! is clear. Since m e t h i o n i n e  d e p r i v a t i o n  and TPA 
p retreatment sel e c t i v e l y  affect the amount of methanol 
produced by a s p a r t a t e  removal! the two p a t hways of methanol
f ormation must differ.
Ano ther level of separation in methanol f o rmation
pathways has been disce r n e d  through mutant studies. In order
to facilitate the study of c. homo taxis in __sub t i 1i s * it is
important to study the role of p r e v i o u s l y  identified 
c o m p l e m e n t a t i o n  groups ( P 1 ) . Ching w e n  Y i nq has cloned c h e F * 
one of the 81 c o m p l e m e n t a t i o n  groups into an e x p r e s s i o n  
vector c o n t r o l l e d  by the Mac promoter-. Conway cell 
exp e r i m e n t s  had shown a significant increase in methanol 
evolution due to a s p a r t a t e  addit i o n  a s s ociated with 0.1 mM 
and 1 mM IPTG c o n c e n t r a t i o n s  (£<?) . However* removal of a 
stimulus can not be tested in the Conway system and repellent 
effects had not b e e n  studied. Therefore* the flow assay
provided an interesting way to study the role of the c h e __F
product. The results in figure 6 indicate that the level of 
e x p r ession of che F has an optimal effect on both addit i o n  
and removal of attractant. Both 0.1 mM and 1 mM IPTG give 
this optimal effect. Interestingly, the r esponses to the 
addition and removal of c h l o r p r o m a z i n e  are consistent, 
independent of the IPTG concentrations. This strongly 
suggests that attractant induced methanol evolu t i o n  occurs 
via pathw a y s  different from those resulting in methanol 
re 1 eased due to repellent stimuli and that only attractant 
stimuli r e q u i r e  the c he F product.
p i 5c_uss.i on
This paper gives evidence for the existence of divergent 
methanol forming pathways. First* methanol f o rmation due to 
removal of aspartate was selectively affected by 
chlurp r o m a zi n e  p r e t r e a t m e n t . Second * m e t h i o n i n e  d e p r i vation 
and TPA pretreatment also affect specifically the amount of 
methanol produced by aspartate removal. Third* the cjhe_F^ 
product affects attractant induced methanol e v o l u t i o n  only. 
These o b s e r v a t i o n s  lead us to conclude that separate methanol 
forming m e c h a n i s m s  exist. Also* since the results from 
figure 1 indicate that all methanol o r i g inates from the MCPs 
and the results from figure P suggest that an intermediate is 
the source for the delayed aspa r t a t e  addition response* the 
proposed separate methanol forming pathways d i v e r g e  at some 
point after m e t h y 1 transfer from AdoMet to the MCPs This is 
a u n i q u e  finding in bacterial chemotaxis.
Many of the questions we ask revolve around repellents. 
Repellent induced methanol e v o l u t i o n  is poorly understood. 
It lias been shown that repellents of B . sub t i 1 i s have 
specific m e m brane receptors (23*84) but do not affect the 
degree of m e t h y l a t i o n  of the MCPs (83). Why then does 
c h l o r p r o m a z m e  pretreatment have a significant effect on the 
aspartate removal response (fig. 2)? This q u e s t i o n  cannot
12
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yet a d e quately be answered. However, if c h 1 o r p r o m a z i n e *s 
action on F3. sub t i 1 i s is mediated through a m e m b r a n e  receptor 
and not through i n t e r n a 1 i z a t 1 on and conversion* then the 
c o n t i n u o u s  flow of buffer for minutes after pretreatment 
ens u r e s  that the cells have fully adapted and can be 
c o n s i d e r e d  random. In this event* these r a n d o m  cells 
s u b s e q u e n t ly  stimulated by aspartate should have a wild type 
methanol e v o l u t i o n  profile. But in fact we see a muted 
re s p o n s e  to aspartate removal. One po s s i b l e  e x p l a n a t i o n  is 
that a m e t h y 11ransfer b e t w e e n  separate intermediate pools 
could occur and account for the dimi n i s h e d  level of 
r a d i o a c t i v e  methanol found.
Much more inve s t i g a t io n  needs to be carried out to 
uncover the m e c h a n i s m s  of chemotaxis. One e f f e c t i v e  approach 
is mutant analysis. The results of the che F product assay 
are e n c o u r a g i n g  further mutant studies. E x p e r i m e n t s  are 
c u r r e n t l y  u n d e r w a y  to identify intermediates and the roles of 
gene p r o ducts in c h e m o t a x i s  in B. subtil is biochemically.
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FIG. 1. Flow assay of methanol evolution! attractant and 
rtpvlltnt effects on 01 1100 Cells were g r o w n  and labeled 
as d e s c r i b e d  under '‘M a t e r i a l s  and Meth o d s . "  Labeled cells 
were applied to the filter and flushed with buffer to remove 
u n i n c o r p o r a t e d  C C ^ H a l m e t h i o n i n e . Buffer c o n t a i n i n g  excess 
n o n r a d i o a c t i v e  m e t h i o n i n e  with or w i t h o u t  aspar t a t e  or 
c h l o r p r o m a z i n e  was then c o l l e c t e d  at 12 s/tube. Fractions 
were assayed for v o l a t i l e  r a d i o l a b e l e d  product (o) as 
descr i b e d  and corr e l a t e d  with the c o n c e n t r a t i o n  of aspartate 
(broken line) or c h l o r p r o m a z i n e  (dotted line) as measured by 
c o n d u c t i v i t y  (having added 0.01 M KC1 to buffer containing 
nonionic c h 1 o r p r o m a z i n e .)
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FIG. 3. Flow assay of mathanol evolution! affact of
w ^ ” nr!r COnC!nt^ y ? n! M °n Wild typ* BUbtili. Call*
M m t Z n H *  ° a  *nd 1<,p* Jled as described under "Materials and 
Methods. Buffer containing excess nonradioactive methionine
was flushed through and then collected at 13 s/tube. The 
initial exposure to 0.033 M aspartate i r, a control for 01 
1085. Removal of c h 1 orpromazine from the buffer containing 
crossover concentrations" (broken and dotted line) of
aspartate and c h 1 orpromazine resulted from switching the 
intake tube to buffer containing aspartate only. Fractions 
were assayed for volatile labeled product and conductivity.
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FIG. 3. Flow assay of msthano1 evolutionf aspartate effects 
on chlorpromazine pretreated cells 01 1085 cells were
treated and washed as described in "Materials and Methods." 
Fractions were assayed for volatile labeled product as 
described and correlated with the c o n c e n t r a t i o n  of aspartate 
(broken line) or c h 1 o r p r o m a z i n e  (dotted line) as measured by 
conduc t i v i t y .
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IG.  ^, Flow assay of methanol evolution! chiorpromazIne 
effects on aspartate pretreated cells 01 1085 cells were 
treated as described in the legend to Fig. 3. F r a c t i o n s  were 
assayed for volatile labeled pr o d u c t  as d e s c r i b e d  and 
correlated with the c o n c e n t r a t i o n  of e f f e c t o r  as measu r e d  by 
conduct i v i t y .
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FIG. 5. Flow assay of methanol evolution! aspartate effects 
on methionine starved' tetraphenylarsonium pretreated cells
01 1085 cells w e r e  treated and washed as d e s c r i b e d  in
"Materials and M e thods." The a r row indicates the add * t i on of 
10~* M n o n r a d i o a c t i v e  m e t h i o n i n e  into the buffer. F r a c t i o n s  
were a s sayed for v o l a t i l e  labeled product as d e s c r i b e d  and 
c o r r e l a t e d  with the c o n c e n t r a t i o n  of TPA (dotted line) and 
a s p a r t a t e  (dashed line) as m e a s u r e d  by c o nductivity.
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FIG. 6. Flow assay of methanol evolution* effect* of the
Chit------E product on aspartate and chlorpromazine induced
methanol evolution 01 19S9 calls were treated and washed <js 
described in “Materials and Methods." Fractions were assayed 
for volatile labeled product as described and correlated with 
the concentration of aspartate (dashed line) or 
chlorpromazine (dotted line) as measured by conductivity. 
The 1PTG concentrations used for inducing the strain were 100 
mM (A), 1 mM (B), 0.1 mM <C), and 0 mM (D).
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